We introduce a novel empirical model for the adhesion of Pd clusters on the MgO{100} substrate. The new model corrects the known bias of previous models toward structures with large interfaces with the substrate due to the failure to account for the so-called "metal-on-top" effect, i.e., the enhancement of the adhesion due to the presence of other metal atoms on top of those which are directly in contact with the substrate. The new model is parametrised using density-functional theory calculations on MgO-supported Pd clusters with sizes up to 80 atoms. The proposed potential is continuous with respect to spatial coordinates and can therefore be used directly in molecular dynamics simulations.
I. INTRODUCTION
Mono-and bi-metallic nanoparticles deposited on various supports such as metal oxides, carbon nanotubes, semiconductors, etc., represent systems of great interest in terms of basic science and technological applications (e.g., in heterogeneous catalysis 1-3 ), and as such are currently being intensively studied at both experimental and theoretical levels. Due to the possibility for these systems to exhibit many different structural motifs as a function of their size, composition and substrate features, 4 accurate knowledge of their structures is a prerequisite for a deeper understanding and to permit prediction and control of their electronic, chemical, magnetic, etc., properties. This explains the attention devoted in recent years to the structural characterisation of these systems via experimental measurements, such as electron microscopy, and theoretical modelling. 5 At the theoretical level, first-principles (mostly densityfunctional theory, DFT) simulations have shed light on the basic phenomena of the metal-support interaction and have also clarified the structure of small (up to a few tens of atoms) nanoparticles, but limitations in computational resources preclude their systematic use for larger systems, which can instead be better modelled using empirical potentials. 5 The present status of research is that a wealth of analytic forms exists for describing metal-metal binding, whereas only few attempts have been pursued in the literature to model parametrically the metal-support interaction, with magnesium oxide, MgO, being the one notable exception. 6, 7 In particular, the {100} surface of MgO is a substrate which is easily studied by both computational modelling and experiment. One commonly used empirical model for the adhesion of metal nanoparticles on a MgO{100} surface 8 regards it as a rigid periodic two-dimensional environment interacting with individual metal atoms. The many body nature of this interaction is included via an explicit dependence on the metal-metal a) atanasov@ie.bas.bg coordination number. Model parameters are obtained by fitting the adhesion energy to DFT calculations.
The main advantage of such a model is its low computational cost. Despite its simplicity, it has been successfully applied in many different studies of metallic clusters on the MgO{100} substrate in combination with a number of computational techniques. [9] [10] [11] [12] [13] [14] [15] The assumption of a rigid {100} MgO surface is justified by the much higher deformation energy of the substrate compared to a metal cluster on it (e.g., Pd), as predicted by DFT. 8, 16 It is a reasonable approximation, even at non-zero temperatures, due to the relatively high stability of the MgO crystal: its melting temperature is over 3000 K. 17 However, one feature of the metal-substrate interaction, which is not accounted for in this model, is the so-called "metal-on-top" (MOT) effect. DFT calculations show that configurations with metal atoms lying above those which are in direct contact with the substrate are more energetically favourable due to electrostatic polarisation effects induced by the ionic substrate. 18 This effect in general decreases the "wetting" of the nanoparticle on the substrate and favours more compact structures, sometimes having overhanging atoms. DFT calculations predict that some of the lowest energy structures of Pd clusters on MgO are characterised by overhangs at sizes as small as 23 atoms. 19 The MOT effect is very strong for metals such as Cu, Ag, and Au and weaker, but still decisive in determining the structures and energetics of Pd and Pt nanoclusters supported on MgO{100}. 13, 18 One possibility is to account for the MOT effect implicitly through a suitable selection of systems to parametrise the model, 13, 14 but it is not entirely satisfactory in terms of precision and also because this procedure does not actually remove the intrinsic bias of the model. It only directs it toward different structural motifs.
In the present work we further elaborate the model presented in Ref. 8 differences between structures with and without overhangs, as obtained by DFT and reported in Ref. 19 . We fit the model parameters to an extensive data set of DFT calculations including clusters with sizes up to 80 atoms in order to focus on the properties of large systems. Another important point is that we introduce a continuous measure of the coordination number in the model. This is crucial for applications where spatial derivatives of the energy are required, such as molecular dynamics (MD) simulations.
II. MODEL
In the original model, 8 the binding energy, E, of a cluster of N atoms is represented as a sum of individual atom contributions,
with E i having two components,
The metal-metal, E mm i , and the metal-oxide, E mo i , components can be modelled independently. A second moment approximation to the tight-binding model [20] [21] [22] is commonly used to describe the metal-metal interaction. The metal-oxide (adhesion) component depends on the distance, z i of atom i from the MgO substrate via a Morse-type function:
The many-body nature of this interaction is accounted for in the model by an explicit dependence of each of the Morse parameters, a 1 , a 2 , a 3 , on the metal-metal coordination number, ρ i :
where ρ i is defined as the number of metal neighbours of atom i within a certain range, typically 1.25 times the nearestneighbour distance in the bulk material. 13, 14 The exponential form of (4) assumes that a j may become constant at sufficiently high coordination numbers (provided that b j3 > 0). Finally, all 9 parameters, b jk , depend on the lateral position (x i , y i ) of atom i with respect to the MgO surface: (5) where χ = 2π /a and a is the period of the MgO{100} surface, also corresponding to the oxygen-oxygen (O-O) distance. With this notation, the x and y axes are parallel to the 110 directions. The original model therefore has 27 c jkl parameters in total. We refer to it as EP0 (EP standing for "empirical potential").
The sum of all metal-oxide contributions, E mo i , is the energy of adhesion between the metallic system and the substrate. According to (1) and (2), this is defined as the energy difference between the total energy of the system and the separate energies of the two subsystems kept frozen in their interacting geometry. This quantity can be calculated at the DFT level and used for the parametrisation of the model.
Our modifications to this model to explicitly account for the MOT effect are given below. First, we define a continuous coordination number using a smooth Fermi distribution function:
The sum is taken over all neighbours j of atom i at distance r ij . The cutoff radius, r c and exponent α (controlling the smoothness of the curve) are the two parameters of the coordination function. It can be underlined in passing that the standard definition of ρ i corresponds to using a step function in (6). 8 The associated discontinuity, however, is deleterious if one needs to evaluate forces, for example, in order to carry out MD simulations.
In addition to (6), we define an anisotropic coordination number, ρ a i , which is sensitive to the projections of the neighbour positions, z ij , along the direction normal to the substrate:
with cos (θ ij ) = z ij /r ij . While ρ i is applied as in the original model (see Eq. (4)), we allow the anisotropic coordination number, ρ a i , to affect only the attractive term of the adhesion energy through a new parameter, a 4 , replacing (3) with
and
Therefore, in the new model there is a simple additive correction of the adhesion energy involving the anisotropic coordination number, ρ a i , where the scaling parameter, b 41 , and the range exponent, b 42 , both depend on the lateral position (x i , y i ) through (5) . Hence, the new model has 33 c jkl parameters in total.
Notice that (8) no longer represents a Morse function if a 4 = 1. Consequently, the depth and the distance of the potential well minimum, E min and z min , no longer correspond to −a 1 and a 3 , respectively. In the new model these quantities are given by: E min = −a 1 a 2 4 and z min = a 3 − (1/a 2 )ln a 4 . We also note in passing that adding the metal-on-top correction in Eq. (8) only to the attractive part of the metal/surface interaction is reasonable, as the repulsive Born-Mayer component of the Morse function is in our experience rather robust to the change in coordination and should not be affected by the metal-on-top effect.
III. PARAMETRISATION AND DFT CALCULATIONS
In this work we fix the coordination cutoff in (6) to the O-O distance of the substrate, r c = 2.9755 Å, and look for an optimal value of exponent α together with the parameter set {c jkl }.
Following a previous strategy, 13, 14 we select several systems and we fit the model parameters to their adhesion energy with the substrate calculated at the DFT level. The adhesion energy is calculated for (at least) three different distances from the substrate and for three lateral positions, setting its reference point on top of an oxygen atom (O-site), a magnesium atom (Mg-site) and over a hollow site (h-site).
Three ideal systems have been considered in the original model, 8 which are necessary to fit its 27 parameters, a single atom, an epitaxial monolayer (ML), and an epitaxial bilayer (BL). In addition, as proposed in Refs. 13 and 14, we consider 16 clusters with sizes between 17 and 80 atoms, which are shown in Fig. 2 . The first three with the smallest sizes (17, 25, and 30 atoms) have been chosen in order to represent epitaxial geometries with and without overhangs. The subsets with 40, 60, and 80 atoms include structures with different motifs and epitaxies with the substrate and are among the lowest energy configurations resulting from a basin-hopping 23, 24 global minimum search using the original potential EP0.
The DFT calculations are carried out using the PWSCF plane-wave self-consistent software 25 applying the PerdewBurke-Ernzerhof (PBE) xc-functional. 26 A norm-conserving pseudopotential is used for Mg and ultrasoft pseudopotentials are used for Pd and O. The MgO{100} surface is modelled as a two layer slab with Mg and O atoms fixed at the lattice positions of the bulk structure, with lattice constant √ 2a, where a = 2.9755 Å is the period of the two-dimensional structure corresponding to the O-O distance. Unit cells with dimensions 5a × 5a, 6a × 6a, and 7a × 7a have been used for cluster sizes less than 40, 40, and more than 40, respectively. The edge-to-edge distance between a Pd cluster and any of its periodic images is more than 6.8 Å. Kinetic energy cutoffs of 40 Ry and 160 Ry are used for the plane-wave basis and electron density, respectively. The eigenvalues and eigenvectors of the Kohn-Sham Hamiltonian are only calculated at the -point because of the large dimensions of the unit cell. A Gaussian smearing technique, 27 with a smearing parameter of 0.002 Ry is applied. All DFT calculations are spinunrestricted. We have verified that spin-polarised configurations of the Pd atoms are still energetically favourable for the size range considered here. For instance, the spin-unrestricted calculations of Pd clusters with size 80 converge to energies, which are ≈3 eV lower than the spin-restricted ones and to net magnetisations ≈0.5 μ B /atom.
For all cluster geometries we first perform a full relaxation at the DFT level of the local minimum configurations obtained from the basin-hopping algorithm. Typically, these configurations correspond to those with the maximum number of Pd atoms located above O-sites. (This on-top position is essentially preserved after the DFT relaxation in all cases.) The resulting relaxed geometry is then frozen and single-point DFT calculations using this frozen geometry are conducted by changing the relative position of the whole cluster with respect to the substrate. In detail, the z-coordinate of the cluster is sampled at the equilibrium value and a few points differing by steps of ±0.2 Å on either side of the equilibrium value. We then change the lateral position of the cluster, moving its reference point from the O-site to Mg-and h-sites, and again perform single-point DFT calculations at height intervals of 0.2 Å. (Usually the equilibrium height at Mg-or h-sites is larger than that at O-sites so we start with the height values at the O-sites and include more points at larger heights if necessary.) Whenever there are more than three data points in the series, we include them in the fitting data set with appropriate weights. One weight unit is always assigned to the data point with the lowest energy. The points at either side of the lowest-energy point have a combined weight of one, resulting in three weight units for each series. Therefore, the 16 cluster structures in Fig. 2 contribute to 144 weight units of the fitting data set. Another 135 weight units come from the three ideal systems adopted in the original model with adhesion energy curves sampled at 15 heights and also calculated at O-, Mg-, and h-sites. In addition to the original parameter set, EP0, available online, 28 we consider three other parameter sets fitted to our DFT data. EP1 is fitted to the same ideal systems as the original model, but the continuous coordination function (6) is applied instead of a step function. The parameters r c = 3.44 and α = 11.97 are fitted to the data as well. MOT is the parameter set corresponding to the model including the MOT effect, fitted to the full data set described in Sec. III and shown in Fig. 2 . In this case, the coordination cutoff r c is fixed to 2.9755 Å and α = 3.4 is obtained from the fit along with the rest of parameters. The coordination functions of all parameter sets are shown in Fig. 1 and the coordination numbers, both isotropic, ρ, and anisotropic, ρ a , of the atoms included in the fitting data set of the MOT parametrisation are shown in Fig. 3 . The EP1 and the MOT parameter sets are provided in the supplementary material. 29 Although in this study we focus on large clusters, we keep the single atom, ML and BL in the data set in order to preserve the balance between low and high coordination numbers. The fit to single atom adhesion is shown in the supplementary material to this publication 29 to provide more clarity about applications where both single atom and large cluster adhesions are important.
IV. MODEL ASSESSMENT
One distinctive feature of the MOT effect in the case of Pd/MgO is that it stabilises structures with overhangs at very small sizes, starting already just above 20 atoms. 19 In contrast with DFT, the EP0 model does not predict structures with overhangs at such small sizes. 12, 14, 19 These structures tend to optimise the metal-metal cohesion at the expense of the adhesion with the substrate. However, the MOT effect partially compensates for the reduced number of atoms in contact with the substrate increasing the metal-substrate interaction due to the presence of other metal atoms above them. Therefore, one characteristic of the MOT effect is the reduced "wetting" of the metal nanoparticle on the substrate.
We select three cluster sizes (20, 23 , and 30 atoms) from the geometries considered in Ref. 19 , which include structures with and without overhangs. They are shown in Fig. 4 , where the structures with overhangs form the first row. The energy differences with the rest of the test structures of a given size after full relaxation, using the three parameter sets considered here, are compared with the corresponding DFT results from Ref. 19 in Table I . The same comparison for all 32 29 Since these energy differences depend not only on the adhesion with the substrate, but also on the metal-metal interaction, we couple the adhesion models with two different Pd-Pd cohesion models. The left sub-columns of each parameter set in Table I correspond to the use of a second moment approximation tight-binding model fitted to experimental data, 30, 31 while right sub-columns correspond to the same model fitted to DFT data. , while DFT predicts an energy difference of 0.13 eV. This is due to the fact that the local environment of all atoms of these two structures is exactly the same. Therefore, the distinctive energy difference between them predicted by DFT points toward the existence of long range correlations between the atoms of Pd clusters on MgO substrate, a phenomenon which should be accounted for and whose lack is to be attributed to deficiencies of the metalmetal component of the empirical potential rather than the metal-oxide potential. A remedy for this problem would be to adopt more advanced Pd-Pd empirical potentials than the simple second-moment-approximation tight-binding model, for example including directionality terms as in Refs. 32-34. Unlike models EP0 and EP1, the MOT model agrees with DFT also about how the clusters with size 30 are ordered energetically. In this case, the deviation from the DFT predicted values is in the opposite direction as compared with size 23. In both cases, however, these deviations are of the same order of magnitude and even smaller than the differences between the two Pd-Pd cohesion models. The latter may serve as a rough estimate of how much these energies reported in Table I depend on the particular choice of cohesion model.
Generally speaking, models in which the MOT effect is not explicitly treated, systematically predict lower energies for structures having larger contact with the substrate, which in many cases does not agree with the DFT calculations. The results listed in Table I show that the MOT model effectively corrects this bias, although there are still structure specific features (especially for clusters with small sizes) which are not captured, which may also be due to limitations in the metal-metal empirical potential.
It should also be noted that the explicit inclusion of the MOT effect in the model reduces the mean square deviation from the fitting data set by approximately 50% down to roughly 0.13 eV and should thus be sufficiently accurate for most purposes. This is also an indication that a direct account of this effect in the model is physically relevant and necessary.
V. CONCLUSIONS
In this work we introduce a novel empirical model for the adhesion of Pd clusters to the MgO{100} substrate in order to correct the known bias of previous models toward structures with large contact with the substrate. The tendency of small epitaxial Pd clusters on MgO{100} having overhangs, as predicted by DFT and confirmed experimentally, 19, 35 is a consequence of the so-called "metal-on-top" (MOT) effect, 18 i.e., an enhancement of the metal adhesion due to the presence of metal atoms on top of the one directly interacting with the substrate, which can receive electron density from the interacting atom and thus stabilize its energy. Incorporating this effect in the analytical expression of the new model allows us to parametrise it using an extensive data set of DFT calculations on Pd clusters with sizes up to 80 atoms. We test the model by comparing structures with and without overhangs. The explicit treatment of the MOT effect in the model improves the agreement with DFT calculations both qualitatively and quantitatively. The approach is very general, and it will be relevant for all those metals for which the MOT effect is important, for example, the coinage metals.
Another attractive feature of the present model is that it, in contrast with the original one, is entirely continuous with respect to spatial coordinates and can therefore be used directly in molecular dynamics simulations.
Finally, it should be noted that in the present work we focus on reproducing DFT adhesion energies. It has recently been demonstrated that standard DFT lacks the dispersion component of the metal/oxide interaction. 36 This, however, is not an issue, as such a component can be directly included as an a posteriori additional correction term, 36 thus leaving unchanged all the other parameters related to the chemical bonding, repulsion, and polarisation components, which are correctly predicted by DFT/PBE.
